We determined the effects of lignosulfonate ( L S ) on nutrient digestibility and on hindgut fermentation characteristics using 80 adult male Sprague-Dawley rats fed a control diet or a diet containing 3% (dry matter basis) of seven selected LS fractions. Lignosulfonate fractions were divided into three categories: two fractionated whole calcium spent sulfite liquors (CaSSL) and one low-molecular-weight permeate of CaSSL designated as WholeLS 1, 2, and 3, respectively; two extracted sodium LS (NaLS) fractions denoted as HighLS 1 and 2 (high percentage of NaLS); and two concentrated sugar solutions designated as LowLS 1 and 2 (low percentage of NaLS). All diets containing LS were less digestible ( P < .001) than the control diet. Lignosulfonate treatment had a variable effect on short-chain fatty acid concentration except for LowLS 1, which tended to enhance butyrate concentration. Cecal organ weights were greater ( P < .001) for LS treatments, but there was no difference in colonic organ weights. All cecal and colonic pH values, except the cecal pH for HighLS 2, were lower ( P < .001) for LS treatment groups. Colonic Bifidobacterium increased ( P < .005) with WholeLS 1 and 3 and HighLS 2 treatments. Cecal Lactobacillus levels were increased ( P < .001) by WholeLS 1 and 2, LowLS 2, and HighLS 2. Results show that ingestion of selected LS fractions can modify digestive physiology and gastrointestinal tract characteristics of rats.
Introduction
Lignosulfonates ( LS) are wood sugar byproducts of spent sulfite liquors ( SSL) derived from a calcium bisulfite wood pulping process using either hardwoods or softwoods. Lignosulfonates are used as a binder in pelleting livestock feedstuffs. Consequently, most LS research has involved studying digestibility effects, especially the effectiveness of LS as an inhibitor of ruminal protein degradation (Windschitl and Stern, 1988; McAllister et al., 1993; Mansfield and Stern, 1994) .
There is some preliminary indication that LS may affect hindgut pH and bacterial populations in nonruminants. Moran and Conner (1992) demonstrated that feeding 1.25% calcium lignosulfonate ( CaLS) to broiler chicks significantly reduced cecal pH from 6.69 to 6.34. The incidence of broilers testing positive for Salmonella typhimurium was significantly reduced by the addition of 1.25% LS binder to diets in the work of Moran and Bilgili (1992) . Acar et al. (1991) determined that 1.25% CaLS fed to broilers resulted in a significant increase in feed consumption and feed efficiency but did not affect final body weight or carcass yield.
Little is known about the effects of LS on beneficial bacteria or fermentation characteristics in the lower gastrointestinal tract. Therefore, the objectives of this study were to determine the effects of ingesting selected LS fractions on growth performance, digestibility, and cecal and colonic properties in rats.
Materials and Methods

Experimental Design
Eighty adult male Sprague-Dawley rats (> 350 g ) were obtained from Harlan Sprague Dawley (Indianapolis, IN). Due to processing limitations, rats were divided into two blocks consisting of 40 rats/block representing five rats/treatment in each block and were assigned to treatments with similar mean body weights. Rats were housed individually in stainless steel wire mesh cages in an environmentally controlled room at 25°C with a 12-h light-dark cycle.
Water and dietary treatments were provided free access. Diets were formulated based on the National Research Council (1995) recommendations for the maintenance of adult rats (90% dry matter, 3% ash, 14% crude protein, and 7% fat) ( Table 1 ). The University of Illinois Laboratory Animal Care and Use Committee reviewed and approved the animal use protocol for this study. Lignosulfonate fractions were prepared as presented in Figure 1 . All LS fractions were extracted from SSL derived from a calcium bisulfite pulping process of hardwoods and softwoods. Hardwood and softwood calcium SSL ( CaSSL) was concentrated by vacuum evaporation and spray-dried to form the WholeLS 1 and WholeLS 2 fractions, respectively. WholeLS 3, a low-molecular-weight permeate, was also derived from softwood CaSSL that was ultrafiltered, steam stripped of volatile acids, and spray-dried. Concentrated WholeLS 1 and WholeLS 2 also were fractionated to form concentrated LS fractions ( HighLS 1 and 2) and high sugar solutions ( LowLS 1 and 2) . WholeLS 1 and 2 were acidextracted with 50% H 2 SO 4 and dimethyloctadecylamine ( DM18D) to form two layers; one alcohol/aminesodium LS ( NaLS) layer and one acid/sugar layer. Dimethyloctadecylamine was recovered by the addition of 50% NaOH to the alcohol/amine-NaLS layers. The alcohol/NaLS solution then was steam-stripped of alcohol and residual amines and pH was adjusted via ion exchange. The resultant NaLS solution was spraydried to yield HighLS 1 (hardwood) and HighLS 2 (softwood). The acid/sugar layers were steam-stripped of residual alcohols and amines before gypsum was removed via acid precipitation and filtration through 30-mm filter paper. The solutions then were concentrated by vacuum evaporation to yield two high sugar solutions, LowLS 1 (hardwood) and LowLS 2 (softwood). Composition of LS fractions is presented in Table 2 .
Lignosulfonate fractions were substituted at 3% on a dry matter basis for the cornstarch component of the diets. Dietary treatments were as follows: 1 ) control diet; 2 ) treatment 1 + 3% WholeLS 1; 3 ) treatment 1 + 3% WholeLS 2; 4 ) treatment 1 + 3% WholeLS 3; 5 ) treatment 1 + 3% LowLS 1; 6 ) treatment 1 + 3% LowLS 2; 7 ) treatment 1 + 3% HighLS 1; and 8 ) treatment 1 + 3% HighLS 2.
Dietary treatments were administered for 14 d. Free access to dietary treatments was allowed on d 6 through 13, with gradual adaptation to diets on d 1 through 6. Feed intake was determined daily and body weight was measured every 7 d. Feces were collected, scored as formed or unformed, and weighed daily on d 8 through 14 and stored at 0°C for further analysis. On the evening of d 13, feed was removed for 8 to 10 h to encourage later ingestion of a large meal, providing digesta in the hindgut at the time of sampling. Following feed deprivation, rats were given free access to dietary treatments for 2 h. At 3 h postprandial, rats were killed by CO 2 asphyxiation. The cecum and colon then were excised and weighed and pH measured. An aliquot of cecal and colonic contents was removed for short-chain fatty acids ( SCFA) and lactic acid analyses. The remaining contents were immediately placed in preweighed Carey-Blair transport media containers (Meridian Diagnostics, Cincinnati, OH) and serially diluted with anaerobic diluent (Bryant and Burkey, 1953) for microflora enumeration. The diluent was modified to contain 1.1% sodium citrate to ensure that the minerals were kept in solution. Cecal and colonic tissues then were rinsed with water, blotted dry, and weighed to determine total wall weight.
Chemical Analyses
The pH of LS fractions was measured using a Fisher Accumet Model 220 and an Orion Model 210. The percentage of NaLS or CaLS in each fraction was determined by adding the total sulfonic sulfur content of each fraction to that fraction's methoxyl content in relation to that of a pure hardwood or softwood lignin, depending on the origin of the LS fraction. Sulfonic sulfur was calculated by subtracting non-sulfonic sulfur from total sulfur. The sulfur content of LS fractions was determined by combustion in an induction furnace and then titration of sulfur as sulfur dioxide with iodate. Non-sulfonic sulfur was determined gravimetrically by oxidizing sulfite to sulfate and then precipitating as barium sulfate. Methoxyl content was determined with the Zeisel method (Vieböck and Schwappach, 1930; Browning, 1967) .
Percentage of reducing sugars was estimated according to Somogyi (1952) . Monosaccharides and sucrose were measured in delignified samples via HPLC using a Waters Associates Model 440 HPLC (Millipore Waters Corporation, Milford, MA), a R401 differential refractometer detector, and a Rezex RPM-monosaccharide column (300 × 7.8 mm; Phenomenex, Torrance, CA). Column temperature was 75°C and the mobile phase consisted of HPLC-grade water (.6 ml/min). Oligosaccharide ( OS) content was calculated by difference as follows: % OS = 100 − ( % Na/Ca LS + % reducing sugars + % Ca/Na SO 4 ) . Phenolic hydroxide units were measured via ultraviolet spectrophotometry at 280 nm in order to determine phenolic compounds in each fraction (Goldschmid, 1953) .
Cecal and colonic contents (.4 g ) were acidified and diluted 1:5 with .4 mL of 25% m-phosphoric acid and 1.2 mL of distilled H 2 O. After 30 min, samples were centrifuged at 25,000 × g for 20 min. The supernatant was aspirated into microfuge tubes and frozen at −20°C. Following freezing, the supernatant was thawed, centrifuged at 13,000 × g for 10 min, and analyzed for lactic acid concentration colorimetrically (Barker and Summerson, 1941 ). Short-chain fatty acid concentrations were determined via gas chromatography (Erwin et al., 1961) . Individual concentrations of acetate, propionate, and butyrate were determined using a Hewlett-Packard 5890A Series II gas chromatograph and a glass column (180 cm × 4 mm i.d.) packed with 10% SP-1200/1% H 3 PO 4 on 80/ 
Microflora Analysis
Within 5 h postmortem, aliquots of rat cecal and colonic contents were removed from the Carey-Blair transports for serial dilution in anaerobic diluent. Cecal and colonic aliquots were plated in an anaerobic tent (95% CO 2 , 5% H 2 ) by placing seven 10-mL drops of each diluted sample onto petri dishes containing a sterile agar media. Bifidobacterium was inoculated onto BIM-25 agar (Muñ oa and Pares, 1988) . Lactobacillus was cultured on Rogosa SL agar (Difco Laboratories, Detroit, MI). After adsorption of the droplets, plates were inverted and incubated under anaerobic conditions (95% CO 2 , 5% H 2 ) at 38°C. Colony counts were made after 48 h of incubation. Colony-forming units were defined as being distinct colonies measuring 1 mm in diameter.
Statistical Analysis
Data were analyzed by analysis of variance for a randomized complete block design according to the General Linear Models (GLM) procedure of SAS (1992) . Model sums of squares were separated into block, treatment, and block × treatment effects. The block × treatment interaction was significant for SCFA data, but not for other variables. Therefore, SCFA data were analyzed with a model including the block × treatment interaction, and the remaining variables were analyzed only for main effects. When significant ( P < .05) differences were detected, individual means were compared by the least squares means method of SAS (1992) . The PROC CORR of SAS (1992) also was executed on cecal and colonic SCFA, pH, and microflora data to determine any correlation among variables.
Results
Lignosulfonate Fraction Composition
The seven LS fractions were divided into three groups: three whole fractions (WholeLS 1, 2, and 3); two concentrated sugar fractions that had the lowest concentrations of LS (LowLS 1 and 2); and two extracted sodium LS that had the highest concentrations of LS (NaLS) fractions (HighLS 1 and 2). The WholeLS fractions 1, 2, and 3 contained 55.37, 61.43, and 40.51% CaLS, respectively ( 
Effects of Diet on Intake, Digestibility, and Body Weight
Mean treatment intakes, dry matter and organic matter digestibilities, and body weight gain are presented in Table 3 . Diet DM intake ranged from 116 to 131 g for the 6-d collection period, averaging 19 to 22 g/d, except for the HighLS 2 treatment, which had a considerably lower value. Overall, rats fed LowLS 1 had the greatest intake (131.2 g). This value was different ( P < .01) from control, WholeLS 1, and HighLS 1 and 2 treatments. The HighLS 2 treatment resulted in the lowest intake, averaging only 47 g for the 6-d period, or 7.8 g/d. Dry matter digestibilities ranged from 85.3 to 92.1%; the control was higher ( P < .001) than all LS treatments and HighLS 2 had the lowest digestibility. Organic matter digestibility mirrored DM digestibility, ranging from 87.0 to 93.3%; the control was highest ( P <.001) and HighLS 2 was lowest. All rats experienced only slight body weight gain, averaging 14.2 to 24.0 g over the entire 14-d trial, except for the HighLS 2 group, which had a mean weight loss of 88.3 g.
Effects of Diet on Cecal and Colonic SCFA Concentrations
Due to a significant block × treatment interaction for SCFA, data are presented for each block separately in Figures 2 and 3 . In block A, cecal acetate, propionate, butyrate, and total SCFA concentrations remained the same or were lower ( P < .05) for all LS fractions as compared to the control. WholeLS 2 and LowLS 1 were similar to the control, and WholeLS 1 and 3, LowLS 2, and HighLS 1 and 2 all were lower ( P < .05) (Figure 2 ). Colonic acetate, propionate, butyrate, and total SCFA were all decreased ( P < .05) by LS fraction inclusion as compared to the control except for LowLS 1, which numerically increased acetate, propionate, and total SCFA and increased ( P < .008) butyrate concentrations (Figure 3) .
For block B, cecal acetate, propionate, butyrate, and total SCFA were generally decreased by LS fraction inclusion in relation to the control (Figure 2 ). WholeLS 1, LowLS 1, and both HighLS fractions lowered ( P < .05) acetate, propionate, and total SCFA concentrations. WholeLS 1 and 3 numerically decreased butyrate, and both HighLS fractions decreased ( P < .05) butyrate. LowLS 1 numerically increased butyrate and LowLS 2 increased ( P < .008) butyrate concentrations. Block B colonic SCFA concentration was unaffected or slightly decreased by LS fraction inclusion (Figure 3) . Total colonic SCFA concentration was lower ( P < .03) only for WholeLS 3, and all other fractions demonstrated no difference in total SCFA concentrations as compared to the control. WholeLS 1 and LowLS 2 numerically increased acetate and total SCFA concentrations with no change in propionate concentration as compared to the control. HighLS 2 increased ( P < .02) propionate concentration but had no significant effect on other SCFA concentrations compared to the control. Colonic butyrate concentration was unaffected by LS treatment.
Analysis of lactic acid according to the Barker and Summerson (1941) method was unsuccessful on all cecal and colonic samples from LS treatment rats due to the development of a brown tint that interfered with the colorimetric procedure. Samples from rats fed the control diet did not exhibit any off-color, so the source of the interference was surmised to be an inherent component of the LS fractions. Mean cecal lactic acid concentration for the control group was .30 mM for block A and .18 mM for block B; colonic lactic acid concentrations averaged .09 mM for block A and .25 mM for block B.
Effects of Diet on Cecal and Colonic Organ Weights, pH, and Fecal Consistency
Data are presented in Table 4 . Empty cecal organ weights, or cecal wall weights, were lower ( P < .05) for the control group (.7 g ) than for any of the LS treatments, except for LowLS 1 (.9 g). The cecal weights for all other treatments ranged from 1.0 to 1.1 g. Mean colonic wall weights ranged from 1.1 to 1.3 g, and the control was intermediate to all LS treatments. Cecal pH values varied from 6.1 to 6.9. All LS treatments were more acidic ( P < .01) than the control except for the HighLS 2 treatment. Colonic pH values followed a similar trend; the control group had the highest pH (7.3) and all LS treatments were lower ( P < .001; range 6.4 to 6.7). Fecal consistency was scored as formed for all treatment groups except for HighLS 1 and 2, which consistently had unformed or slightly unformed feces (data not shown).
Effects of Diet on Cecal and Colonic Microflora Concentrations
Mean Bifidobacterium and Lactobacillus cfu are expressed on a log 10 basis and are presented in Table  5 . Lignosulfonate fraction addition did not significantly increase cecal Bifidobacterium over that in the control group but increased ( P < .01) colonic Bifidobacterium for WholeLS 3 (9.90 vs 9.60 cfu/g for the control). Conversely, LS fraction inclusion in the diet increased ( P < .009) cecal Lactobacillus cfu/g for LowLS 2 (8.01) and HighLS 2 (8.22) compared to the control (7.57). Colonic Lactobacillus was not significantly increased by LS fractions. Interestingly, HighLS 1 decreased ( P < .001) cecal and colonic Lactobacillus cfu/g compared with the control (6.48 vs 7.57 for the cecum and 7.16 vs 8.42 for the colon).
Correlational Analysis of Cecal and Colonic Properties
A correlational analysis of cecal and colonic pH and SCFA concentrations, as well as correlation of cecal and colonic microflora cfu/g, is presented in Table 6a and 6b. Cecal and colonic pH were reasonably well correlated ( r = .477), as were cecal and colonic total SCFA ( r = .399). Individual SCFA also were correlated significantly between the cecum and colon at a level of at least P < .05. Cecal and colonic Bifidobacterium and cecal and colonic Lactobacillus were highly correlated ( r = .552 and .724, respectively). Cecal Bifidobacterium and cecal Lactobacillus were not significantly correlated, nor were colonic Bifidobacterium and colonic Lactobacillus. However, colonic pH and colonic Lactobacillus were positively correlated ( r = .354, P < .01). 
Discussion
This study demonstrated that LS fractions affected nutrient digestibility and modulated gut pH, organ weights, SCFA concentrations, and microflora populations in rats. Rats fed LowLS 1 and 2 ingested the greatest amount of feed. Conversely, HighLS 2 rats had markedly lower feed intake and exhibited poor coat quality and weight loss of nearly 25% of initial body weight over the 13-d trial. Decreased voluntary feed intake may have been caused by an artifact of SSL processing, creating a lignin phenylpropyl-amine complex, thus reducing total nitrogen and(or) indispensable amino acid availability. Amino acid or protein deficiency can cause decreased voluntary intake (Baker et al., 1996) . Casein was used as the protein source in formulating diets as per NRC (1995) recommendations. According to Baker and Han (1993) , casein is first-limiting in sulfur amino acids for adult maintenance due to its role in keratoid tissue formation. Because casein has a ratio of methionine: cyst(e)ine of 6:1 (wt/wt) and methionine has only an approximately 80% conversion efficiency to cyst(e)ine, cyst(e)ine availability may have been limited enough to cause deficiency symptoms.
Dry matter and OM digestibility were significantly lower for all diets containing LS compared to the control. Furthermore, digestibility decreased in an inverse relationship to the amount of LS present in the fraction; the lowest decrease was noted for the LowLS treatments, an intermediate decrease for WholeLS, and the greatest decrease in digestibility for the HighLS treatments. The overall decrease in nutrient digestibility for diets including LS may be attributed to an interaction with nutrient digestion or disruption of metabolism by phenolics. Milic et al. (1972) found that a phenolic extract of alfalfa inhibited pancreatic trypsin, lipase, and amylase activities. However, phenolic content does not seem to account for the extreme decrease in intake and digestibility in the HighLS 2 group compared with the HighLS 1 group. The HighLS1 and 2 fractions contained .26 and .52% nitrogen, respectively. Because nitrogen accounts for 4.71% of the molecular weight of DM18D, and this is the only possible source of nitrogen in the fractions, these values correspond to 5.52 and 11.04% residual DM18D in the lignosulfonate fractions that was not removed by the steam stripping process. Lignosulfonates were included at 3% of the diet (DM basis), so there were .17 and .33% DM18D present in the HighLS 1 and 2 diets, respectively. Dimethyloctadecylamine is a tertiary Table 4 . Cecal and colonic organ wall weights a and pH for rats fed lignosulfonate (LS) fractions a Organ wall weights were determined by rinsing and blotting the empty organ. v,w,x,y,z Means in a row without common superscript letters differ ( P < .05). amine and is listed under the Toxic Substances Control Act (EPA, 1979) . According to the material safety data sheet provided by Pfaltz and Bauer (Waterbury, CT) for N,N-dimethyl-1-octadecanamine ( a synonym for DM18D), this compound is caustic to the skin and eyes and ingestion can result in severe irritation or burns of the mouth, throat, esophagus, and stomach. Therefore, residual DM18D is likely the cause of depressed intake and lowered nutrient digestibility for the HighLS 2 group. Short-chain fatty acid data are somewhat difficult to interpret due to a block × treatment interaction. This interaction was probably caused by a naturally high variance for low concentrations of SCFA combined with a high statistical power ( n = 10), creating a very sensitive test, and not due to an actual difference in SCFA between blocks. Cecal SCFA were generally decreased by LS addition in blocks A and B. Cecal acetate and propionate, as well as total SCFA, tended to decrease proportionately with increasing percentage of LS in the selected fractions. Butyrate was lower for all LS treatment groups except for LowLS 1 and 2 in block B, which were either numerically or significantly higher than the control group. Lignosulfonate addition also tended to significantly lower or have no effect on colonic SCFA levels in both blocks. LowLS 1 had significantly higher butyrate and total SCFA in block A and numerically higher butyrate in block B. This decrease in SCFA concentration may be due to high levels of phenolic compounds found in the LS fractions. Lignin is the largest source of phenolic compounds in plants. Lignin and phenolics have variable effects on nutrient digestibility and gut microflora but are generally detrimental (Jung and Fahey, 1983) . Wood phenolics have been noted to have antimicrobial effects (Jurd et al., 1971) . Ricke et al. (1982) reported reduced concentrations of cecal and large intestinal acetate, propionate, and butyrate in chicks fed either 4 or 8% purified lignin. Slight increases in butyrate by LowLS fractions may be caused by high levels of OS in these fractions. Oligosaccharides are readily fermented by gut bacteria to SCFA (Minami et al., 1983; Cummings and Macfarlane, 1991; Schneeman, 1994; Yanahira et al., 1995) .
Treatment
Bifidobacteria grow readily on certain oligosaccharide substrates. Minami et al. (1983) , Hidaka et al. (1991), and Howard et al. (1995) indicated that galactosyl-and fructosyloligosaccharides were good substrates for bifidobacteria growth. There is conflicting evidence as to whether xylosyloligosaccharides ( XOS) are bifidogenic. Hoshi et al. (1994) reported that Bifidobacterium concentrations and acetate and propionate concentration in the rat cecum were et al. (1995) demonstrated that Bifidobacterium concentrations were numerically decreased by XOS. However, Okuzaki et al. (1990) demonstrated XOS to be a favorable growth factor for bifidobacteria. Results of this study showed one of the mixed OS sources moderate in xylose (WholeLS 3 ) to enhance colonic but not cecal Bifidobacterium. Bifidobacterium and Lactobacillus are considered to be beneficial gastrointestinal tract bacteria. Lactobacillus lowers the pH of gut contents by producing lactic acid as a fermentation end-product. Certain pathogens are inhibited by this acidic environment. Pool-Zobel et al. (1993) demonstrated an antigenotoxic effect of gavages of L. casei or yogurt containing Lactobacillus and Bifidobacterium given to rats before treatment with a genotoxic carcinogen. Bifidobacteria have been shown to inhibit pathogens such as Escherichia coli, Clostridium perfringens, and Salmonella independent of pH (Yamazaki et al., 1982; Gibson and Wang, 1994) . In our study, the increase in cecal Lactobacillus in the HighLS 2 and LowLS 1 groups and colonic Bifidobacterium in the WholeLS 3 group indicates more desirable microbial populations. It should be noted, however, that the increase in cecal Lactobacillus in the HighLS 2 group may be due to residual DM18D in the LS fraction. Alternately, decreased intake and a slower transit time through the hindgut may have increased cecal Lactobacillus by reducing bacterial cell losses in the feces.
Correlational analysis revealed a good relationship between cecal and colonic pH and individual and total SCFA, indicating similar fermentation patterns in both segments of the gastrointestinal tract. Similarly, cecal and colonic Bifidobacterium as well as cecal and colonic Lactobacillus were well correlated, suggesting constant microflora populations along the hindgut. Cecal and colonic pH were positively correlated with cecal and colonic Lactobacillus. Lactobacillus is associated with a decrease in pH of gut contents, so this relationship was expected to have been negative. The slightly positive relationship may be due to the greatest increase in cecal Lactobacillus occurring in the HighLS 2 group, which was the only treatment that had an increase in cecal pH as compared to the other LS treatments, being similar to the control. This increase in pH may be due to an effect of residual DM18D. Also, in the colon, pH was always lower for treatments compared to the control, but Lactobacillus was either unaffected or decreased. Correlational analysis demonstrated a nonsignificant negative correlation between cecal Lactobacillus and Bifidobacterium. Virtually no relationship existed between colonic Lactobacillus and Bifidobacterium.
Implications
Lignosulfonate fractions that supply fermentable oligosaccharides in the absence of dimethyloctadecylamine (DM18D) and toxic levels of phenolic groups positively affect cecal and colonic pH, organ wall weights, and microflora populations, and they ultimately may be beneficial to gastrointestinal tract health.
